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Objective. This study aimed to characterize the effect of MSC homing on the Tie2-positive IVD progenitor cell population, IVD cell survival, and proliferation. Summary of Background Data. Homing of human MSCs has been described as potential alternative to MSC injection, aiming to enhance the regenerative capacity of the IVD. IVD cells expressing Tie2 (also known as CD202b or Angiopoietin-1 receptor TEK tyrosine kinase) represent a progenitor cell population with discogenic differentiation potential. However, the fraction of Tie2-positive progenitor cells decreases with aging and degree of IVD degeneration, resulting in a potential loss of the IVD's regenerative capacity. Methods. Human MSCs, isolated from vertebral bone marrow aspirates, were labeled and seeded onto the endplate of bovine IVDs and human IVD tissue. Following MSC migration for 5 days, IVD cells were isolated by tissue digestion. The fractions of Tie2-positive, dead, apoptotic, and proliferative IVD cells were evaluated by flow cytometry and compared to untreated IVDs. For human IVDs, 3 groups were investigated: nondegenerated (organ donors), IVDs of patients suffering from spinal trauma, and degenerative IVD tissue samples. Results. MSC homing enhanced the fraction of Tie2-positive IVD cells in bovine and human IVD samples. Furthermore, a proliferative response and lower fraction of dead cells were observed after MSC homing in both bovine and human IVD tissues. Conclusion. Our findings indicate that MSC homing enhances the survival and regenerative capability of IVD cells, which may be mediated by intercellular communication. MSC homing could represent a potential treatment strategy to prevent the onset of the degenerative cascade in IVDs at risk such as IVDs adjacent to a fused segment or IVDs after herniation. Key words: organ culture, MSC migration, MSC homing, disc cell survival, disc cell proliferation, IVD regeneration, Tie2, CD202, disc progenitor cells, human mesenchymal stem cells. Level of Evidence: N/A Spine 2019;44:1613-1622 R ecruitment or homing of mesenchymal stem cells (MSCs) is a physiological mechanism to maintain tissue homeostasis and promote tissue repair. MSC homing has been reported to play a role in the endogenous regeneration of different skeletal tissues, including bone 1 and cartilage. 2 Thereby MSCs are mobilized from their niches in response to injury, immune or physical-chemical signals and are stimulated to migrate to the effector site. In vivo, this process is tightly controlled by gradients of signaling molecules, oxygen, and mechanical cues. 3 In the intervertebral disc (IVD), recruitment of bone marrow cells toward the degenerative IVD was demonstrated in a mouse tail model in vivo. 4 Nevertheless, the findings from the IVD degeneration model suggested that the pool of available cells or their recruitment efficiency may need to be enhanced by exogenous means to achieve a significant regenerative effect.
Migration of exogenously delivered bone marrowderived MSCs through the endplate into the IVD has been described as an alternative approach for intradiscal cell application in several whole IVD organ culture models. [5] [6] [7] [8] Hereby, MSC migration through the IVD tissue was enhanced in IVDs cultured under degeneration-inducing conditions. 5 The homed MSCs were shown to promote matrix remodeling, whereby more sustained effects are expected by cell homing compared to injection of potentially unphysiological sources and numbers of cells. 7, 9, 10 Moreover, injection of cells through the annulus fibrosus (AF) has been suggested to foster a degenerative cascade, and it is still uncertain whether high numbers of injected cells will survive in the harsh environment of the degenerative IVD. [11] [12] [13] Evidence from other tissue types indicates that besides cell-cell interactions, an important regenerative effect of recruited or delivered MSCs consists in the stimulation of the resident tissue cells by paracrine factors. 14 In vitro coculture experiments of MSCs and degenerative nucleus pulposus (NP) cells revealed that MSCs could enhance the gene expression of extracellular matrix proteins and reverse the expression of proinflammatory cytokines in the degenerated NP cells. [15] [16] [17] In this respect, different growth factors have been reported to support IVD cell survival and enhance matrix production. 7, 18, 19 Homing of MSCs might therefore represent an alternative strategy to deliver growth factors and other biologics into the IVD.
Tie2 (angiopoietin-1 receptor)-positive IVD progenitor cells have been reported to hold a multilineage differentiation capacity and their presence is suggested to reflect the IVD's regenerative capacity. 20, 21 In the present study, we hypothesized that homing of MSCs would exert a potential protective effect by enhancing the Tie2-positive disc progenitor cell population and thus the IVD's regenerative capacity. Bovine whole organ culture models and human IVD tissues were used to test our hypothesis.
MATERIALS AND METHODS

Human MSC Isolation and Expansion
Vertebral bone marrow aspirates were obtained with written consent from patients undergoing spine surgery ( Figure 1A ). MSCs were isolated by Ficoll gradient centrifugation and adherence to tissue culture plastic as previously described. 22 Cells were expanded in alpha-minimum essential medium (aMEM, Gibco) containing 100 U/mL penicillin, 100 mg/mL streptomycin, 10% fetal bovine serum (FBS, Pan Biotech) and 5 ng/mL basic fibroblast growth factor (Fitzgerald Industries). Early passage (P1-P2) MSCs from nine different donors were used in this study ( Supplementary  Fig. 1AB , http://links.lww.com/BRS/B443).
Bovine Organ Culture Model
An established IVD organ culture model of MSC migration through the endplate was used as previously described ( Figure 1B ). [5] [6] [7] [8] IVDs were harvested from bovine tails (n ¼ 27, 6-8 months old) obtained from the local abattoir within 2 hours of death. Discs were excised with a band saw (Exakt Apparatebau) and rinsed in phosphate buffered saline (PBS) containing 10% penicillin-streptomycin. 23 IVDs with endplates were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 1 g/L glucose, supplemented with 25 mmol/L Hepes (Gibco), 2% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 1% insulin-transferrin-selenium (ITSþ, Corning) and 50 mg/mL Primocin (InvivoGen, San Diego, CA).
MSCs were labeled with fluorescent membrane dyes (PKH26 and PKH67 Fluorescent Cell Linker Kit; Sigma-Aldrich). A 30-mL suspension containing 1 Â 10 6 MSCs in DMEM was added onto the IVD endplate. 5 Following cell attachment (20 minutes), medium was added to cover the IVD. Adjacent discs were used as time zero (T0) and untreated controls, respectively. After 5 days of migration, endplates were removed, and the disc tissue was digested with 0.2% pronase (Sigma-Aldrich) for 1 hour followed by collagenase II (Gibco) for 12 hours (NP: 50 U/mL; AF: 100 U/mL). Percentages of Tie2-positive, dead (4 0 ,6-diamidino-2-phenylindole/DAPI-positive), apoptotic (Annexin V positive) and proliferative (Ki-67 positive) disc cells were evaluated by flow cytometry (fluorescence activated cell sorting (FACS); Table 1 ). The following gating strategy was applied: 1st gate, doublets exclusion (FSC-H/ FSC-A); 2nd gate, exclusion of dead cells (DAPI; only for Tie2, Ki-67); 3rd gate, exclusion of PKH26-positive/ PKH67-positive MSCs. Gates were defined with unstained samples. Analysis of initial experiments included data at day 5 and the day 0 control (n ¼ 4). To confirm the findings observed at day 5, experiments for day 5 were repeated, allowing for a higher sensitivity of the used statistical tests (n ¼ 13, including data from initial experiments).
For gene expression analysis, isolated cells were separated by flow cytometry in PKH26/67-positive (MSCs) andnegative (disc) cells. Total RNA was isolated with TRI reagent (Molecular Research Center, Cincinnati, OH). For reverse transcription, SuperScript Vilo cDNA Synthesis kit (Invitrogen, Thermo Fisher Scientific) was used. Expression levels of genes of interest (Table 2) were measured by real-time PCR (QuantStudio 6 Flex, Applied Biosystems). For relative quantification, the dCt method was used with GAPDH serving as endogenous control. 24 
MSC Treatment in Spatial Separation
A 0.22-mm porous membrane was placed on the endplate of the bovine IVDs (Figure 2A ). PKH26/67-labeled MSCs were seeded onto the membrane (1 Â 10 6 cells). An adjacent IVD was used as untreated control. The experiment was carried out as described above.
Human Organ Culture Model
IVD tissue from patients suffering from spinal trauma (referred to as traumatic) and degenerative IVD tissue from patients undergoing spinal fusion (referred to as degenerative) Basic Science IVDs with endplates were isolated from bovine tails. Adjacent IVDs were randomly assigned to: time point zero ctrl (T0), day 5 untreated control (ctrl) and day 5 treated disc by MSC homing (treated). After 5 days, the IVDs were digested overnight and the cells were analyzed by flow cytometry. MSCs were excluded by gating, and disc cells were either processed for gene expression analysis (PCR) or analyzed for expression of Tie2, DAPI, Annexin V, or Ki-67 (FACS). (C) Human IVD tissue was isolated during surgery or from organ donors. Tissue from one donor was divided into halves. One half was treated by MSC homing (treated), the second half was used as untreated control (ctrl). After 5 days, a tissue piece from both groups was embedded in cryocompound and snap frozen for histological analysis (Ki-67). From the remaining tissue, cells were isolated by overnight digestion and analyzed by flow cytometry. MSCs were excluded and disc cells were analyzed for expression of Tie2, DAPI, Annexin V or Ki-67 (FACS). IVD indicates intervertebral disc; MSCs, mesenchymal stem cells; PCR, polymerase chain reaction.
were obtained with written consent from patients undergoing spine surgery at the University Hospital Bern and were processed within 6 hours ( Figure 1C ). Nondegenerated (referred to as healthy) lumbar spines were harvested by the McGill Scoliosis & Spinal Research Group from organ donors after donor and familial consent via a collaboration with Transplant Quebec. All procedures on nondegenerated IVDs were approved by the institutional review board of McGill University (IRB# A04-M53-08B) for the project titled ''Human Intervertebral Discs used for Culture and Extracellular Matrix.'' Spines were processed within 4 hours post-mortem. After elimination of ligaments and soft tissues, whole discs were extracted by cutting parallel to and near the endplates. Discs were further processed using a high-speed drill (Foredom, Bethel, CT), equipped with a surgical fluted ball burr (Conmed Linvatec, Largo, FL), to remove the remaining bone and expose the cartilaginous endplate. 25 The discs were then washed three times with antibiotic solution, 26 placed in sterile containers with culture medium (DMEM with L-glutamine and 15 mmol/L HEPES, supplemented with 5% fetal bovine serum, 50 mg/mL gentamycin, 50 mg/mL Primocin, 50 mg/mL L-ascorbate) and shipped on ice to the research facility. Discs arrived at the research facility within 36 to 48 hours after they were isolated from organ donors. All collected tissue was placed in red-cell lysis buffer for 5 minutes. Following, the tissue was rinsed in PBS containing 1% penicillin-streptomycin. Based on the wet weight, the tissue was then divided in two equal portions, placed in 15-mL tubes and centrifuged for 5 minutes at 500g. A 30-mL suspension of 1 Â 10 5 PKH26/67-labeled MSCs was added onto one tissue portion. The other portion was used as untreated control. Following 20 minutes of attachment, 5-mL medium was added. After 5 days of migration, tissue was digested. Percentages of Tie2-positive, dead (DAPI positive), apoptotic (Annexin V positive), and proliferative (Ki-67 positive) disc cells were evaluated by flow cytometry using the gating strategy described above.
Fraction of Ki-67-positive Disc Cells by Immunohistochemistry
After 5 days of culture, pieces of MSC-treated and untreated healthy human IVD tissues were collected, snap-frozen, and embedded in cryocompound. Mouse spleen was used as a positive control tissue. Ten micrometer sections were cut (Microm HM560), fixed in 70% methanol, and stained overnight with primary antibody against Ki-67 (Novus NB110-89719) followed by staining with secondary antibody (AlexaFluor 546, 55312A). Sections without primary antibody were used as negative control. Sections were mounted with ProLong TM Gold Antifade Mountant with DAPI (Thermo Fischer) and imaged (Olympus BX63F, camera: DP74). The fraction of Ki-67-positive disc cells was determined using the ImageJ cell counting plugin. Apoptosis-related cysteine peptidase Bt03250956_g1 Tie2-TEK Angiopoietin-1 receptor Bt03212059_m1 GAPDH Glyceraldehyde 3-phosphate dehydrogenase Fwd. primer seq: 5'-GGC TGC TTT TAA TTC TGG CAA A-3' Rev. primer seq: 5'-AAT CAT ACT GGA ACA TGT AGA CCA TGT A-3' Probe seq: 5'-TGG ACA TCG TCG CCA TCA ATG ACC-3'
RT-PCR indicates real-time polymerase chain reaction.
Basic Science
MSC Migration in Intact Human IVD
MSCs were labeled with fluorescent membrane dyes as described above. Following, 3 Â 10 6 labeled MSCs were seeded onto the endplate of an intact human IVD in a volume of 90 mL. After 20 minutes of incubation to allow cell attachment, culture medium was added until the IVD was completely covered. The IVD was cultured in freeswelling conditions with medium changes every second day. After 5 days of culture, the IVD was rinsed with PBS, fixed in 4% buffered formalin for 1 week, and cut sagittally with a Padgett blade using a custom-made holding device. 6 The IVD sections were visualized on a confocal microscope (LSM800; Zeiss, Jena, Germany) in epifluorescence at 5Â and 20Â magnification ( Supplementary  Fig. 2 , http://links.lww.com/BRS/B443).
Statistical Analysis
Statistical analyses were conducted in Prism 7 and R Studio v1. For clarity, mean AE standard deviation is provided in the text of the results section. 
RESULTS
MSCs
Bovine Organ Culture
No change in the fraction of Tie2-positive cells was found between the day 0 (T0, 3.8% AE 3.4%) and the control discs at day 5 (3.8% AE 2.1%, P > 0.99) ( Figure 3A, B) . A significantly higher fraction of Tie2-positive disc cells (3.0% AE 3.0%) was observed at day 5 after MSC treatment compared to the untreated control (1.6% AE 1.9%, P ¼ 0.04) ( Figure 3C , D). This indicated that the increase in Tie2positive IVD cells was because of MSC homing and not spontaneous changes following 5 days of culture. A significant increase in dead disc cells was found after 5 days (17.8% AE 6.5%) compared to the T0 control Figure 3E , F). After 5 days, MSC homing significantly prevented cell death (13.8% AE 6.0%) compared to the untreated control (17.2% AE 7.3%, P ¼ 0.02) ( Figure 3G, H) .
MSCs delivered under spatial separation from the IVD (Figure 2A ) did neither prevent cell death (control: 12.0% AE 1.8%, treated: 12.4% AE 3.8%, Figure 2B ) nor enhance the Tie2-positive cell population (control: 0.3% AE 0.2%, treated: 0.2% AE 0.2%, Figure 2C ). This indicated that the positive effects of MSCs on IVD cell survival and the Tie2-positive IVD cell fraction were not evident when MSC migration into the IVD was impeded.
Furthermore, a significant increase in apoptotic disc cells was observed after 5 days in culture (13.2% AE 2.7%) compared to the T0 control (2.9% AE 0.4%, P ¼ 0.04) ( Figure 4A ). MSC homing slightly, although not significantly, prevented apoptosis at day 5 (10.5% AE 4.2%) relative to the untreated IVDs (12.7% AE 3.3%, P ¼ 0.07) ( Figure 4B) . A trend of a lower Bax/Bcl2 gene expression ratio was also observed in five of seven bovine IVDs treated by MSC homing ( Figure 4C ). Interestingly, multiple regression revealed a positive correlation between the expression of Tie2 and Bcl2 (P ¼ 0.042, R 2 ¼ 0.96) in the IVDs treated by MSC migration (Figure 4D ).
Significantly higher fractions of proliferating disc cells were observed after 5 days of MSC treatment (3.8% AE 0.7%) compared to T0 (0.9% AE 0.1%, P ¼ 0.04) ( Figure 5A ) and compared to the control disc at day 5 (4.3% AE 0.9% vs. 2.5 AE 1.6%, P ¼ 0.013) ( Figure 5B ,C).
Human Organ Culture
To verify MSC homing into a human IVD in organ culture, a cell migration assay was performed. The experiment confirmed that MSCs migrated through the endplate into the intact human IVD. Labeled cells were observed in all regions of the IVD, namely the NP, and inner and outer AF (Supplementary Fig. 2 , http://links.lww.com/BRS/B443).
MSC homing enhanced the fraction of Tie2-positive disc cells in seven of 10 human IVDs, although this change was not significant (2.6-AE 2.1-fold, P ¼ 0.16; healthy 3.8-AE 2.9fold, trauma 2.2-AE 1.9-fold, degenerative 2.0-AE 1.9-fold) ( Figure 6A-C) . The fraction of dead cells was nonsignificantly lower following MSC homing in seven of 10 IVDs (0.9-AE 0.4-fold, P ¼ 0.15; healthy 0.8-AE 0.2-fold, trauma 0.7-AE 0.6-fold, degenerative 1.1-AE 0.6-fold). Similar to the findings in the bovine organ culture, no change in fraction of apoptotic disc cells was observed after homing of MSCs (7.2% AE 4.2%) compared to the untreated control (7.9% AE 5.1%; P ¼ 0.56) (Figure 7 ). Table: lists fold changes (relative to ctrl disc) of Ki-67, DAPI, Annexin V and Tie2 expression of individual human IVDs. Owing to limited amounts of human tissue, some analyses could not be performed for all donors (À). IHC staining for Ki-67 confirmed results by flow cytometry (healthy n ¼ 3: 1.2-AE 0.6-fold) (scale bar ¼ 50 mm). A higher fraction of proliferating disc cells (indicated by circles) was found in all human IVDs with an enhanced fraction of the Tie2 þ disc progenitor cell population. IHC indicates immunohistochemistry. MSC homing nonsignificantly enhanced the fraction of proliferating disc cells in five of six human IVDs (2.8-AE 2fold; P ¼ 0.17; healthy 1.2-AE 0.6-fold, trauma 1.7-AE 0.2fold, degenerative 5.6-AE 3.1-fold) ( Figure 7A ). Interestingly, a higher fraction of proliferating cells was found in all human IVDs that demonstrated an enhanced fraction of the Tie2-positive cells after MSC homing. The FACS results were supported by IHC staining for Ki-67, which revealed more stained cells following MSC treatment in all responding donors (single data points in Figure 7 ).
DISCUSSION
Several earlier organ culture studies have demonstrated migration of exogenously applied MSCs through the endplate into the IVD. [5] [6] [7] [8] Although bovine IVDs have been used for those studies, results of the present work showed that MSCs could migrate through the endplate into an intact human IVD ( Supplementary Fig. 2 , http://links.lww.com/ BRS/B443).
This study explored the effect of MSC homing on the Tie2-positive disc progenitor cell population, disc cell survival, and proliferation. A bovine whole organ culture model was used to investigate the effect of MSC homing after 5 days. Furthermore, the effect of MSC homing was investigated in human nondegenerated IVDs from organ donors, IVDs obtained from patients suffering from spinal trauma, and degenerative human IVD tissue samples.
Our results demonstrate an enhanced Tie2-positive disc progenitor cell population upon MSC homing into bovine and nonsignificantly in human IVDs. This finding is highly relevant, as the Tie2-positive disc cell population has been described to hold a discogenic differentiation capacity. 21, 27 Moreover, the fraction of Tie2-positive disc cells reflects the IVDs' regenerative capacity, as Tie2-positive cells diminish with age and degree of IVD degeneration. 20 New cell-based treatment strategies aim to isolate such progenitor cell subpopulations from the overall pool of IVD cells and reinject them after expansion in vitro. 21 Interestingly, homing of MSCs did enhance the Tie2-positive disc cell population in human discs from patients following spine trauma and in nondegenerated human discs. In line with the findings of Li et al, 28 we were able to detect Tie2-positive disc cells in the degenerative human IVDs; however, the change upon MSC homing was less pronounced than in the nondegenerative and spine trauma cases. Interestingly, when impeding MSCs migration into the bovine IVD, we could not observe such increased levels of the Tie2-positive disc cell subpopulation ( Figure 2C ). This indicates that MSCs may need to be actively migrating through the tissue and/or located near the IVD cells to exert a stimulatory effect. In addition, diffusion of the factors released from the MSCs through the endplate might be limited in the culture system used in this study.
A lower fraction of dead (DAPI-positive) cells was observed, in bovine and nonsignificantly in human IVDs, when homing occurred. To be able to migrate, MSCs naturally secrete proteolytic enzymes such as metalloproteinases. 29 This could potentially harm the resident disc cells.
In this respect, our results did not indicate any higher fraction of apoptotic disc cells following MSC migration. An increase in apoptotic cells was, however, observed in bovine IVDs at day 5 of culture compared to freshly isolated IVDs (day 0). This may be related to the nonphysiological ex vivo culture and potential nutrient deprivation under free swelling conditions. 30 MSC treatment led to a slight but insignificant reduction of apoptotic cells, suggesting a marginal effect of MSCs on IVD cell apoptosis in the present study. Interestingly, a positive correlation was observed between the upregulation of Tie2 and Bcl2 transcripts. Bcl2 represents an antagonist of the apoptosis cascade, where it counteracts the apoptosis-promoting factor Bax; hence, increased Bcl2 expression may contribute to the improved survival phenotype of IVD cells upon MSC homing. 31 A higher fraction of (Ki-67-positive) disc cells undergoing proliferation was observed in bovine and nonsignificantly in human IVDs following homing of MSCs. This is in line with the in vitro findings reported by Shim et al 17 Organ culture models represent the most complex ex vivo platforms, compared to 2D or 3D cell culture systems, and offer an opportunity to investigate the effect of MSC homing as a potential regenerative strategy. However, like clinical data sets, they are associated with a high interdonor variability, which makes the data analysis challenging. Several strategies were used to reduce or control the donor variance. Each experiment was repeated multiple times to compensate for potential interexperimental errors. By increasing the number of data points, the sensitivity of the statistical tests was improved. Hereby, only paired tests were used, without pooling the datasets, and single data points were described to avoid misinterpretation. In terms of experimental design, different methods were used to monitor cell survival with direct (DAPI by FACS) and indirect (Tie2 and Annexin V by FACS, Bax, and Bcl2 by gene expression) measurements.
Clinical Relevance
Our data indicate that MSC homing might have the highest impact on IVDs with moderate or beginning degenerative changes. In this respect, IVDs adjacent to a fused segment (16% risk of adjacent disc degeneration 33, 34 ) and IVDs with an AF injury (disc herniation as sign of early degeneration 35 ) represent clinical cases wherein MSC homing could prevent or reverse the onset of the degenerative cascade. Laminectomy and spinal fusion are the most frequently performed surgeries in the United States, which highlights the unmet need for a preventive treatment strategy. 36 Transpedicular injection of MSCs into the vertebral body, close to the endplate of the adjacent IVD or above the IVD treated by laminectomy, might therefore offer a strategy to increase the limited natural pool of intervertebral MSCs. 37 Nevertheless, further studies are required to investigate the feasibility of this approach.
Limitations
The generalization of our results may be affected by some limitations. First, the Tie2-positive disc progenitor cell population was originally described within the NP. However, our study did not distinguish between NP and AF cells, as homing of MSC has been shown to occur into both tissues. 6 Second, all MSC donors used in this study were obtained from bone marrow aspirates of trauma patients; 90% of the MSC donors were male patients, and 80% of the IVD donors were male, which discounts sex as a biological variable for the purpose of these experiments.
CONCLUSION
In conclusion, the stimulation of resident IVD cells by homed MSCs resulted in an enhanced population of Tie2positive disc progenitor cells, reduced IVD cell death, and induced a proliferative response. Our findings highlight the importance of direct or indirect intercellular communication as a fundamental process to prevent or reverse ongoing degenerative processes.
Key Points
MSC homing from the endplate into the IVD represents a strategy for intradiscal cell application. MSC homing enhanced the Tie2-positive disc progenitor cell population and prevented IVD cell death. A proliferative response was induced following MSC homing into the IVD. MSC homing could represent a potential treatment strategy to prevent the onset of the degenerative cascade in IVDs.
